A monoclonal antibody (3D6) was produced which reacted only with Brucellu sonicated cell extracts that had been lysozyme-treated after sonication. The monoclonal antibody (mAb) reacted with the three major outermembrane proteins (OMPs) of B. melitensis B115 in Western blots. A large number of reactive bands ranging from 12 to 43 kDa were present in lysozyme-treated Escherichia coli and Yersiniu enterocolitica sonicated cell extracts. In a latex agglutination inhibition immunoassay, mAb 3D6 showed better reactivity with purified peptidoglycan (PG) of B. melitensis B115 than with that of Escherichia coli. This mAb was also used in immunogold electron microscopy with whole Brucellu cells and sections. No binding was observed on whole cells and immunogold labelling in sections was observed close to the outer membrane, in the periplasmic space and in the cytoplasm.
Introduction
The Brucella cell envelope is a three-layered structure in which an inner or cytoplasmic membrane, a periplasmic space, and an outer membrane can be differentiated (Dubray & Plommet, 1976) . Brucella cell walls consist of a peptidoglycan (PG) layer strongly associated with the outer membrane. The outer membrane contains LPS, proteins and phospholipids. The major Brucella abortus * Author for correspondence. Tel. Abbreviations : mAb, monoclonal antibody; OMP, outer-membrane protein ; PG, peptidoglycan ; RAM, rabbit anti-mouse immunoglobulin serum; R-LPS, S-LPS, rough, smooth LPS.
outer-membrane proteins (OMPs) have molecular masses of 36-38 kDa and 25-27 kDa (Dubray, 1987; Dubray & Bkzard, 1980; Dubray & Charriaut, 1983) . They are also called group 2 porin proteins and group 3 proteins (Douglas et al., 1984; Moriyon & Berman, 1983; Santos et al., 1984; Verstraete et al., 1982 Verstraete et al., , 1984 . These two major OMPs are also found in the SDS-insoluble (SDS-I) cell wall fraction (Dubray, 1987; Dubray & Bezard, 1980; Dubray & Charriaut, 1983) . Cell wall and SDS-I fractions of Brucella melitensis contain another major protein of molecular mass 31-34 kDa, which is minor in B. abortus strains (Dubray, 198 1) . A lipoprotein covalently linked to PG has also been described as a major OMP (Gomez-Miguel & Moriyon, 1986; , 1987) . Other OMPs identified so far are minor species with molecular masses of 10, 19 and 89 kDa (Cloeckaert et al., 1990) . The 89 kDa OMP is probably a protein of group 1 with a molecular mass of 88-94 kDa described by others (Verstraete et al., 1982 . All these OMPs are surface-exposed as demonstrated by immunoelectron microscopy (Cloeckaert et al., 1990; Gomez-Miguel et al., 1987) . In a previous paper (Cloeckaert et al., 1990) we showed that monoclonal antibodies (mAbs) to the 25-27, 3 1-34 and 36-38 kDa OMPs reacted with multiple bands in immunoblots after SDS-PAGE of lysozyme-treated sonicated Brucella cell extracts. Our purpose in the present study was to determine the origin of the heterogeneity of the major OMPs, whether associated with PG, R-LPS or S-LPS as suggested by Douglas et al.
(1 984). These hypotheses were investigated by analysing sonicated cell extracts with or without lysozyme treatment by use of mAbs specific for OMPs, PG, R-LPS and s-LPS.
Methods
Bacterial strains. The rough B. melitensis strain B115 was obtained from the Institut National de la Recherche Agronomique, Laboratoire de Pathologie Infectieuse et Immunologie, Nouzilly, Tours, France. Escherichia coli 0 : 157 was obtained from the Institut National de Recherches VCtCrinaires, Brussels, Belgium. Yersinia enterocolitica 0 : 9 was obtained from the Microbiology Department of the Catholic University of Louvain (G. Wauters).
Sonicated cell extracts.
Cell extracts of B. melitensis B 1 15 were obtained by ultrasonication. Cells were inactivated by heat at 65 "C for 1 h, washed three times in 0.9% NaC1, ultrasonicated for 15 min in 1 mM-EDTA, 30 m-Tris pH 8 and, when appropriate, digested with lysozyme. The ultrasonicated cells were then centrifuged for 10 min at 4OOO g, and the supernatant recovered. Sonicated cell extracts of E. coli 0 : 157 and Y. enterocolitica 0 : 9 were prepared in the same way and digested with lysozyme.
Preparatwn of PG from E. coli and Brucella. PG was prepared by classical techniques with some modifications Swim et al., 1983; Amano & Williams, 1983) . E. coli and B. melitensis B115 cells were inactivated by heating at 65 "C for 1 h and broken with glass beads in a Braun MSK homogenizer or a Dyno-Mill apparatus (W. A. Bachofen, Basel, Switzerland). Crude cell walls were recovered by centrifugation (at 53000g, 4 "C for 1.5 h). SDS-I fraction was obtained by treating crude cell walls for 1 h in boiling 4% (w/v) SDS solution in Laemmli sample buffer. The SDS-insoluble fraction was recovered by centrifugation, washed six times in distilled water and then lyophilized. The SDS-I fraction was treated with NaOH to hydrolyse components that were noncovalently and covalently bound to the PG (Amano & Williams, 1983) . SDS-I fraction (100mg) was suspended in 4 ml 1 M-NaOH and incubated overnight at 20 "C. After neutralization with HC1 and centrifugation, the pellet was resuspended in 4% SDS solution in Laemmli sample buffer and incubated for 5 rnin at 100 "C. After centrifugation, the pellet was washed four times in Laemmli buffer without SDS and resuspended in 4 ml distilled water. To 3 ml of this suspension, 75 pl12 M-HCl and 2 mg pepsin were added. After one night of pepsin treatment at 20"C, the suspension was neutralized by NaOH (750 pl of a 1.2 M solution). After centrifugation the pellet was treated in 4% SDS solution in Laemmli sample buffer for 5 min at 100 "C, washed four times in Laemmli sample buffer without SDS and finally treated with lysozyme as described by Dubray & Charriaut (1983) .
Purgcatwn of the 25-27 kDa OMP. The proteins of the B. melitensis B115 SDS-I fraction were separated by SDS-PAGE. The 25-27 kDa OMP was electroeluted from the gel in a Biotrap system (CERA-LABO, Paris, France) using 25 m-Tris, 192 mwglycine, 0.1 % SDS buffer (PH 8.3). Protein concentration was determined by the BCA protein assay (Pierce).
mAbs. The mAbs against OMPs, S-LPS and R-LPS were obtained as described previously (Cloeckaert et al., 1990) . The mAbs used were the anti-10 kDa mAb A68/07Gll/ClO (IgG2a), anti-16.5 kDa mAb A68/04GOl/C06 (IgG2a), anti-19 kDa mAb A68/25HtO/A05 (IgG2a), anti-25-27 kDa mAb A59/05FOl/C09 (IgG2a), anti-3 1-34 kDa mAb A59/10F09/G 10 (IgG2a), anti-3638 kDa mAb A63/05A07/A08 (IgA), anti-89 kDa mAb A53/10B02/A01 (IgGl), anti-R-LPS mAb A68/ 03F03/D05 (IgGZb), anti-S-LPS mAb A76/12G12/F12 (IgG1) and anti-PG mAb A76/03DO6/A09 (IgG3). The mAb specific for PG (A76/03DM/A09) was obtained by fusion of spleen cells of mice infected with B. melitensis B115 with the NSO non-secreting myeloma cell line as described by (Cloeckaert et al., 1990) , and was called 3D6.
Antisera.
Rabbit anti-mouse immunoglobulin serum (RAM) was produced by repeated intradermal injections of 1OOpg mouse IgG. Rabbits were injected and bled every two weeks over several months. The best bleedings were pooled.
Perodase conjugation. Protein A (Sigma) was conjugated with horseradish peroxidase (Sigma) according to a modification of the method of Nakane & Kawaoi (1 974) as described by Dubray & Limet (1987) . The protein/enzyme ratio was 1 : 2, Latex agglutination immunoassay. This was performed as described previously (Limet et al., 1988) . Latex particles were coated with the purified 25-27 kDa major Brucella OMP. A 10 % (w/v) latex suspension (50 p1) (K109 Rh6ne-Poulenc) was added to 100 pg of the 25-27 kDa OMP in 0.5 ml of fivefold-diluted glycine-buffered saline (GBS : 0.1 7 MNaCl, 0.1 M-glycine and 6 mM-NaN3, pH 9.2) in water. After incubation for 45 rnin at room temperature, the 25-27 kDa-coated latex suspension was washed three times with 1 ml GBS containing 1 % (w/v) BSA (GBS-BSA) and then resuspended in 1 ml GBS-BSA. The latex suspension was sonicated after each washing. For the latex agglutination immunoassay, the 25-27 kDa-coated latex suspension was diluted 20-fold in GBS-BSA containing 0.4% RAM. To determine the optimal dilution of mAb 3D6 to be used in the agglutination inhibition assay, 30 p1 of the latex suspension was incubated with 30 p1 GBS-BSA and 30 p1 of several dilutions in GBS-BSA of mAb 3D6. After 15 min vortex mixing at 37"C, samples were diluted with 7 5 0~1 GBS containing 0.05% Tween 20. The degree of agglutination was determined by counting the non-agglutinated particles in a Multipact Reader (Acade Instruments, Louvain La Neuve, Belgium). The agglutination inhibition assay was performed by preincubating 30 p1 of the peptidoglycan solutions at several concentrations in GBS-BSA with 30 pl mAb 3D6 at the appropriate dilution for 30 rnin at 37 "C with vortex mixing followed by a further 15 rnin incubation with 30 pl latex suspension in the same conditions. Results were expressed as percentage inhibition of agglutination. In the absence of inhibitor, 50% of latex particles were agglutinated by mAb 3D6.
Immunoblotting techniques. The protein antigens were separated by SDS-PAGE (Laemmli, 1970) , in a 2001 vertical electrophoresis unit (LKB-Produkter). After electrophoresis, the proteins were transferred to nitrocellulose by using a Transblot apparatus (Biolyon, Dardilly,
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France) at 12 V for 2 h. Unoccupied sites on the nitrocellulose membranes were blocked by 30 min incubation at room temperature with agitation in Tris-buffered saline (TBS : 0.15 M-NaC1, 10 mMTris/HCl, pH7.5) containing 3% BSA. The membranes were then successively incubated overnight at room temperature with hybridoma supernatants diluted 1 in 2 in TBS containing 1 % BSA and 0.05% (v/v) Tween 20, for 1 h with RAM and for 1 h with peroxidase-conjugated protein A, diluted 1 in 250 and 1 in 1000, respectively, in the same buffer. Washings between incubation periods were performed with TBS containing 0.05% Tween 20 (Tw-TBS). After two washings in Tw-TBS and two washings in TBS, the blots were developed by incubation at room temperature in a solution of TBS containing 0.06% 4-chloro-1-naphthol (Bio-Rad) and 5 m~-H , o , . The reaction was stopped by washing in distilled water.
Thin-section preparation. The method was as described by Lam et al. (1987) . Samples were fixed in 1 mi 2.5% (v/v) glutaraldehyde in phosphate-buffered saline (PBS) for one night at 4 "C or in 1 ml 4% (v/v) paraformaldehyde buffered with 0.1 M-cacodylate at pH 7.25 for 1 h at room temperature. After fixation, samples were enrobed in 5 % (w/v) agarose and washed in buffer. The cores were then dehydrated through a stepwise alcohol series and infiltrated with propylene oxide. The samples were embedded in Epon 812 resin and cured for 24 h at 37 "C. Ultrathin sections were cut with an ultramicrotome (Reichert Jung Ultracut E) and deposited on 200-mesh gold grids. (NaC1-Tw). After four washings in NaC1-Tw and four washings in distilled water, the grids were observed in a transmission electron microscope (Philips CM10).
(ii) Section incubations. The same procedure was followed as for whole mounts, except that before incubation in PBS-3% BSA the grids were pretreated in 10% (v/v) H 2 0 2 in distilled water for 30 min and then washed in distilled water. After immunogold labelling, the sections were stained with 4% (w/v) uranyl acetate in water and 0.4% lead citrate in 0.1 M-NaOH. mAb isotypes. These were determined by direct latex agglutination immunoassay of the culture supernatants. Latex particles were coated with rat monoclonal anti-mouse IgG 1, IgG2a, IgG2b, IgG3, IgM and polyclonal anti-mouse IgA according to a protocol similar to that described by Limet et al. (1988) .
Results

Efect of lysozyme treatment on the reactivity of anti-OMP mAbs and mAb 306 in Western blots of Brucella OMPs
The effect of lysozyme treatment was examined by immunoblot analysis with the anti-OMP and 3D6 mAbs after SDS-PAGE of sonicated cell extracts of B. melitensis B115. More bands of the major OMPs (25-27, 3 and 4) , anti-36-38 kDa mAb A63/05A07/AO8 (lanes 5 and 6) and mAb 3D6 (lanes 7 and 8).
31-34 and 36-38 kDa) were revealed in lysozyme-treated sonicated cell extracts than in untreated extracts (Fig. 1) . Moreover, bands of higher molecular mass, ranging from 50 to 54 kDa for the anti-25-27 kDa mAb, 54 to 66 kDa for the anti-31-34 kDa mAb and 78 kDa for the anti-36-38 kDa mAb, were only evident after lysozyme treatment. They were also reactive with the mAb 3D6. No bands reacted with mAb 3D6 in sonicated extracts not treated with lysozyme. Lysozyme treatment did not affect the electrophoretic mobility of the minor OMPs (10, 16.5, 19 and 89 kDa) (Fig. 2) .
Reactiuity of anti-OMP mAbs and mAb 306 with E. coli and Y. enterocolitica sonicated cell extracts in Western blots
Species specificity of these mAbs was determined by immunoblot analysis of lysozyme-treated sonicated cell extracts of the S-LPS cross-reacting strains E. coli 0 : 157 120 - and Y. enterocolitica 0 : 9. No bands reacted with mAbs specific for the OMPs, whereas mAb 3D6 revealed bands ranging from 12 to 43 kDa in these extracts (data not shown).
Reactivity of mAb 306 with E. coli and Brucella PG in latex agglutination inhibit ion imrnunoassay
Reactivity of mAb 3D6 with E. cob and Brucella PG was determined by inhibition of agglutination of latex particles coated with the purified 25-27 kDa OMP showing the multiple band pattern in SDS-PAGE (not shown). Both E. coli and Brucella PG completely inhibited the agglutination of latex-25-27 kDa by mAb 3D6. Brucella PG was at least 10 times more inhibitory than E. coli PG (Fig. 3) . 
Localization of epitopes recognized by mAb 306 by immunoelectron microscopy
As expected for an anti-PG mAb, no immunogold labelling was observed on the surface of whole cells of B. melitensis Bll5 when mAb 3D6 was used as primary antibody (Fig. 4a) . Under the same conditions immunogold labelling was observed with the mAb specific for the 3 1-34 kDa OMP which recognizes cell-surface exposed epitopes (Fig. 4c) . However, when mAb 3D6 was used in thin sections of B. melitensis Bll5 cells, immunogold labelling was observed close to the outer membrane, in the periplasmic space and in the cytoplasm (Fig. 5) .
Reactivity of the anti-PG mAb 306 and R-LPS-and S-LPS-specijic mAbs with Brucella OMPs in Western blots
In lysozyme-treated sonicated cell extracts of B. melitensis B 1 15, the anti-R-LPS mAb A68/03F03/D05 reacted only with one major band of molecular mass less than 15 kDa (Fig. 6 ). With the S-LPS-specific mAb A76/ 12G 12/F12, the classical profile was observed : a smear ranging in molecular mass from 30 to 50 kDa. Multiple major bands were evident when using mAbs specific for the major OMPs ranging from 25 to 27 kDa (three major bands) for the anti-25-27 kDa mAb, 26 to 34 kDa (five to six bands) for the anti-31-34 kDa mAb and 36 to 38 kDa (three major bands) for the anti-36-38 kDa mAb. Bands of higher molecular mass also reacted with these mAbs, at 50 kDa for the anti-25-27 kDa mAb, 54 kDa for the anti-31-34 kDa mAb and 78 kDa for the anti-3638 kDa mAb. All these bands except for the lowest band of at least the 25-27 and 36-38 kDa OMPs were also revealed by the anti-PG mAb. These bands were not detected by the R-LPS-and S-LPS-specific mAbs. 
Peptidoglycan-associated
Discussion
mAb 3D6 recognized a large number of bands in Western blots of lysozyme-treated sonicated cell extracts of B. melitensis. The reactivity of mAb 3D6 in Western blots was largely dependent on lysozyme treatment. In contrast to the Brucella OMP-specific mAbs, mAb 3D6 reacted with bands in lysozyme-treated sonicated cell extracts of E. coli 0 : 157 and Y. enterocolitica 0 : 9 (data not shown). Immunogold labelling with mAb 3D6 was only observed on ultrathin sections in close association with the outer membrane and in the periplasmic space, in accordance with the known localization of polymerized PG. All these results, and the fact that this mAb bound specifically to E. coli and Brucella PG in a latex agglutination inhibition immunoassay, indicate that this mAb is specific for PG subunits. The immunogold labelling in the cytoplasm could be explained by the Peptidoglycan-associated Brucella OMPs 1 549 cytoplasmic steps of biosynthesis of PG precursors (Pellon, 1990) . The PG of Brucella has the same composition as that of E. coli (Lopez-Merino et al., 1976 ; Mardarowicz, 1966) . However, mAb 3D6 reacted preferentially with Brucella PG. This could be due to structural differences between E. coli and Brucella PG, possibly due to 0-acetylation (Blundell et al., 1980; Dougherty, 1983; Gmeiner & Kroll, 1981; Lear & Perkins, 1983; Rosenthal et al., 1982 Rosenthal et al., , 1983 Swim et al., 1983) or the degree of peptide cross-linking (Amano & Williams, 1983; Lear & Perkins, 1983) , which confer a greater resistance of PG to lysozyme hydrolysis. The large differences between immunoblots of untreated and lysozyme-treated sonicated cell extracts revealed by mAbs specific for the major OMPs suggest that large amounts of these proteins are tightly associated, presumably covalently, to the PG. Close association of the PG layer with the outer membrane has already been demonstrated by electron microscopy (Dubray, 1973) . The higher-molecular-mass forms of the three major OMPs only occurred after lysozyme treatment. PG-associated OMPs would be released by lysozyme treatment, with one, two, etc., murein subunits remaining attached, giving them an increasingly lower electrophoretic mobility. Similar phenomena have also been described for other Gram-negative bacteria, including Braun's lipoprotein of E. coli (Wensink & Witholt, 198 1) and the major OMPs of Rhizobium leguminosarum (de Maagd et al., 1989a, b) and Legionella pneumophila (Butler & Hoffman, 1990) and for the M protein of group A streptococci (Fischetti et al., 1985; Pancholi & Fischetti, 1988) . The high-molecular-mass bands in immunoblots of lysozyme-treated sonicated cell extracts, ranging from 50 to 54 kDa reacting with the anti-25-27 kDa mAb, 54 to 66 kDa with the anti-31-34 kDa mAb and 78 kDa with the anti-36-38 kDa mAb, probably represent dimeric forms of each major OMP where the monomers are linked together by PG. Lysozyme treatment seems not to be necessary to release the major OMPs from the cell wall. The percentage of the major OMPs associated with PG has yet to be determined.
The results observed with the anti-36-38 kDa mAb are clear. In sonicated cell extracts not treated with lysozyme only one major band at 36 kDa is observed. In lysozymetreated sonicated cell extracts three bands react with the anti-36-38 kDa mAb: the 36 kDa band and bands at 37.5 and 38 kDa. The latter two also react with the anti-PG mAb but not with mAbs specific for R-LPS and S-LPS. Thus the multiple banding pattern observed for the major 36-38 kDa OMP is essentially due to PG subunit residues associated with this protein. In contrast to the 36-38 kDa OMP, multiple bands were reactive in non-lysozyme-treated sonicated cell extracts with the anti-25-27 kDa and anti-31-34 kDa mAbs (Fig. 1) . Association of PG subunits with the major 25-27 kDa protein is not the only cause of heterogeneity observed in Western blots. It was suggested by Dubray & Charriaut (1983) that the 25-27 kDa OMP could possibly be a glycoprotein containing 1,2-diol groups since this protein was detected by silver staining after periodic acid oxidation. We obtained IgG3 mAbs specific for the 25-27 kDa OMP which recognized periodate-sensitive epitopes that were not sensitive to pepsin treatment and probably recognize the oligosaccharide portion of this OMP (unpublished observations). Thus the multiple band pattern observed for the 25-27 kDa OMP could also be due to variation in the size of the oligosaccharide portion. For the 31-34 kDa OMP the results are more difficult to interpret. The S-LPS-and R-LPS-specific mAbs did not detect a multiple banding pattern in the lysozyme-treated sonicated Brucella cell extracts. Thus, differences in electrophoretic mobility of the major Brucella OMP bands in SDS-PAGE are not due to association of S-LPS or R-LPS molecules.
There is no evidence of association of the minor OMPs of molecular mass 10, 16.5, 19, and 89 kDa with PG. We also did not detect the low-molecular-mass lipoprotein linked to PG described by others (Gomez-Miguel & Moriyon, 1986) . The anti-PG mAb reacted with no other bands than those which bound the anti-major OMP mAbs. These results are in contradiction to those of Gomez-Miguel & Moriyon (1986) , who suggested that the lipoprotein is the only major protein covalently linked to the PG.
In conclusion, our results clearly demonstrate the close association between a proportion of major OMPs and PG. This association explains the heterogeneity observed in Western blots for the 36-38 kDa OMP after lysozyme treatment and part of the multiple banding pattern observed for the 25-27 and 31-34 kDa OMPs.
